ABSTRACT -Temperature, light, water availability and excessive salt in the soil are among the abiotic factors that most influence the germination process in semiarid ecosystems. The aim of the present study was to determine the effect of these abiotic factors on seed germination in three subspecies of cactus: Discocactus bahiensis, D. zehntneri subsp. petr-halfarii and D. zehntneri subsp. zehntneri. Seeds were set for germination under two light conditions (12-h light/dark photoperiod and continuous darkness) and 10 temperature treatments [eight constant temperatures (10, 15, 20, 25, 30, 35, 40 and 45 °C) and two alternating temperatures (30 to 20 °C and 35 to 25 °C)]. Polyethylene Glycol (PEG) 6000 and sodium chloride (NaCl) were used to simulate water and saline stress, respectively, with the following osmotic potentials: 0.0, -0.2, -0.4, -0.6, -0.8 and -1.0 MPa. Three subspecies were positive photoblastic. The optimum temperature for germination was 25 to 35 ºC for D. bahiensis and D. zehntneri subsp. zehntneri, and 30 to 35 ºC for D. zehntneri subsp. petr-halfarii. The seeds of all three subspecies exhibited tolerance to water and saline stress, as germination was observed at potentials for up to -0.6 MPa in the PEG and NaCl solutions. (10, 15, 20, 25, 30, 35, 40 e 45 °C) e duas temperaturas alternadas (30 a 20 °C e 35 a 25 °C)]. Foram utilizados polietilenoglicol (PEG) 6000 e cloreto de sódio (NaCl) para simular o estresse hídrico e salino, respectivamente, com os seguintes potenciais osmóticos: 0,0; -0,2; -0,4; -0,6; -0,8 e -1,0 MPa. As três subespécies são fotoblásticas positivas. A temperatura ótima de germinação foi de 25 a 35 ºC para D. bahiensis e D. zehntneri subsp. zehntneri e 30 a 35 ºC para D. zehntneri subsp. petr-halfarii. As sementes das três subespécies exibiram tolerância ao estresse hídrico e salino, pois foi observada germinação em potenciais de até -0,6 MPa nas soluções de PEG e NaCl.
Introduction
Successful propagation of species lies in their ability to survive and reproduce. Particularly, among plant species, perpetuation depends on the germination capacity of diaspores (Baskin and Baskin, 2014) . Seeds are influenced by several ecological factors and plants in arid and semiarid ecosystems exhibit strategies for reproduction, such as phenological synchronization in the production and dispersal of seeds at times that are favorable to the establishment of new individuals (Meiado et al., 2012b) . Moreover, water availability, light and temperature are important environmental factors that determine the germination of seeds dispersed in such environments (Meiado et al., 2012b; Baskin and Baskin, 2014) .
Journal of Seed Science, v.40, n.3, p. [253] [254] [255] [256] [257] [258] [259] [260] [261] [262] 2018 Cacti are typical perennial plants in arid environments. Studies have reported the crucial influence of abiotic factors, especially light and temperature, on seed germination of cacti as well as the recruitment of seedlings (Rojas-Aréchiga and Mandujano, 2008; Meiado, 2012; Meiado et al., 2017) . Abundance and broad distribution of this family in the Caatinga ecosystem, which is a Tropical Dry Forest located in Northeastern Brazil, may be, in part, related to the high production of fruits per individual as well as the high production of seeds per fruit and the seed germination under a broad range of environmental conditions (Meiado et al., 2010; 2017) . Thus, understanding the influence of abiotic factors on seed germination of endangered species of cactus can contribute to the regeneration of natural populations. Such information can be used for the production of seedlings for subsequent reintroduction into communities of the Caatinga ecosystem.
Brazil is the third largest center of cactus diversity in the world (Taylor and Zappi, 2004) , and more than 10% of its species are endangered (Meiado et al., 2012a) . Some of belong to the genus Discocactus Pfeiff. (Machado et al., 2005) . According to Zappi et al. (2011) , a species is considered rare when its populations are biologically viable, but naturally scarce and limited to its area of distribution and habitat specificity, with germination success dependent on the number of individuals that affect the distribution and abundance of such species.
Considering the current threats and pressures on natural cacti populations due mainly to human activities, such as deforestation, mining and illegal trade of species, studies on the germination capacity of seeds are essential to the adequate management of natural resources and conservation of these species (Zappi et al., 2011) . Moreover, few studies have investigated abiotic factors that affect the germination of cacti seeds in Brazil (Meiado et al., 2017) . Thus, knowledge on the eco-physiological aspects of seed germination in these species could contribute towards the understanding of the establishment and recruitment processes of cacti in arid and semiarid ecosystems, thereby contributing to conservation.
The aim of the present study was to answer the following questions: 1) what are the optimum conditions for seed germination of Discocactus subspecies? 2) How do the presence and absence of light and different temperature regimes affect seed germination? (3) Can seeds complete their germination process under water and saline stress?
Material and Methods
In Brazil, Cactaceae comprises 264 species distributed throughout all ecosystems in the country (Zappi et al., 2017) , with about 95 species located in the Caatinga ecosystem, including species from genus Discocactus Pfeiff. (Meiado et al., 2012a; Zappi et al., 2017) . This genus has 10 species distributed in the Caatinga, Cerrado (Savannah) and Pantanal (Wetland) ecosystems of Brazil (Machado et al., 2005; Zappi et al., 2017) . However, most species are in the state of Bahia, in which a high degree of floristic endemism of the family Cactaceae is found (Taylor and Zappi, 2004) (Santos et al., 2015) . The present study included three of these four subspecies that occur in the Caatinga ecosystem: D. bahiensis, D. zehntneri subsp. petr-halfarii and D. zehntneri subsp. zehntneri.
This genus has flat, globose or discoid stems with a cephalium at the apex of the stem from which nocturnal white flowers emerge, which are pollinated by moths. The fruit exhibits a lateral dehiscence and varies in color from white to red, depending on the species (Machado et al., 2005) . Discocactus zehntneri subsp. zehntneri is considered a rare subspecies with a distribution restricted to shallow soils and greater occurrence in areas of rocky outcrops in the semiarid region of the state of Bahia. Discocactus zehntneri subsp. petr-halfarii is constituted by a single population located in areas of shallow, stony soils in the municipality of Juazeiro (Santos et al., 2015) . Discocactus bahiensis occurs in the state of Bahia as well as other states in Northeastern Brazil, such as Ceará, Pernambuco and Piauí (Zappi et al., 2017) . However, the small number of known populations as well as the small number of individuals and habitat specificity limits these cacti to a restricted area.
Seeds were collected from the three subspecies of Discocactus studied in areas of Caatinga ecosystem in the municipalities of Juazeiro (Area 1 -09°28'46.1''S, 040°15'31.8''W, altitude: 395 m asl; Area 2 -09°28'35.4"S, 040°34'44.4"W, altitude: 390 m asl) and Sento Sé (Area 3 -09°54'05.48"S, 041°03'49.26"W, altitude: 791 m asl) in the state of Bahia, Brazil. Seeds from D. zehntneri subsp. petr-halfarii were collected from Area 1, which has typical sclerophyllous vegetation of the Caatinga ecosystem and eutrophic, haplic, planosol soils (Brasil, 2006) . Seeds from D. bahiensis were collected from Area 2, which has the same vegetation and edaphoclimatic characteristics as Area 1. Seeds from D. zehntneri subsp. zehntneri were collected from Area 3, which is mainly characterized by eutrophic, litolic, neosol soils (Brasil, 2006) .
Effects of light, temperature, water and saline stress on seed germination were assessed for the three studied subspecies. All treatments were performed in B.O.D. germination chambers. The seeds were extracted from the fruits (100 fruits per species) and set to germinate immediately after harvest in Petri dishes (5 cm in diameter) containing filter paper moistened with 3 mL of the test solution corresponding to each treatment [distilled water (control), polyethylene glycol (PEG 6000) or sodium chloride (NaCl)]. The dishes were sealed with plastic wrap and no additional solution was added during the evaluation period. One hundred seeds were used for each treatment, which were distributed into four replicates of 25 seeds each, and protrusion of the radicle was the criterion used for the determination of seed germination.
For light and temperature studies, seeds were set to germinate using an entirely randomized design (2 x 10 x 4) with two light conditions [12-h light/dark photoperiod (light intensity: 200 μmol×m -2 ×s -1 and continuous darkness simulated with the use of a black polypropylene plastic), 10 temperatures [eight constant temperatures (10, 15, 20, 25, 30, 35, 40 and 45 °C) and two alternating temperatures (30-20 °C and 35-25 °C)] and four replicates for each species. In the treatments with alternating temperatures submitted to a 12-h light/dark photoperiod, the highest temperatures corresponded to the period of exposure to light. Seeds kept in continuous darkness were evaluated only at the end of the experiment, on day 30 after the onset of the experiment . After this analysis, other treatments (water and saline stress) were conducted at the optimum germination temperature determined for each species (Meiado et al., 2010; .
Commercial solutions of PEG 6000 (Villela et al., 1991) and NaCl (analytical grade) were used (Braccini et al., 1996) to simulate water and saline stress, respectively. Experiment was conducted in an entirely randomized factorial design (2 x 6 x 4) with two light conditions [white light with a 12-h light/dark photoperiod (light intensity: 200 μmol×m
) and continuous darkness (achieved with a black polyethylene bag)], six osmotic potentials [0.0 (distilled water), -0.2, -0.4, -0.6, -0.8 and -1.0 MPa] and four replicates for each subspecies. Osmotic potential was calculated based on Villela et al. (1991) and Braccini et al. (1996) with the aid of an osmometer (Mark 3, Fiske Associates, Norwood, USA) at the onset of the experiment. Germination was evaluated daily for 30 days. The seeds maintained in darkness were only evaluated on day 30 after the onset of the experiment .
At the end of the experiments, germinability (%), mean germination time [t = ∑n i .t i /∑n i , in which t i is the time since the onset of the experiment to the n th observation (days) and n i is the number of seed germinated in time i (not the accumulated number, but the number corresponding to the nth observation)], the emergence rate index [ERI = (G 1 /N 1 ) + (G 2 /N 2 ) + ... + (G n /N n ), in which G 1 , G 2 and G n correspond to the number of seeds germinated at the first, second and last count, respectively, and N 1 , N 2 and N n represent the number of days elapsed to the first, second and last count, respectively] and the synchronization index [E = -∑f i .log 2 f i , in which fi is the relative germination frequency (i.e., the proportion of seeds germinated in a time interval)] were calculated in the GerminaQuant 1.0 software (Marques et al., 2015) ]. The temperature treatment that provided the highest germinability in the shortest time was selected as the optimum germination temperature for the subspecies analyzed .
Treatments with less than 5% germinability were excluded from the analysis due to the influence of the low number of germinated seeds on the determination of mean germination time, emergence rate index and synchronization index (Meiado et al., 2010; . Germinability was transformed into arcsine √%. Data were submitted to analysis of variance (OneWay ANOVA) and means were compared using Tukey's test. When data did not meet the requirements for parametric tests, the non-parametric Kruskal-Wallis test was used with the Newman-Keuls post hoc test (Zar, 2010) . Shapiro-Wilk and Levene tests were used to determine the normality of the data and homogeneity of variances, respectively (Zar, 2010) . All statistical analyses were performed with Bio Estat 5.0 program, with the level of significance set to 5% (Ayres et al., 2007) .
Results and Discussion
With respect to light treatment, no germination occurred in the experiments with continuous darkness and seeds of the three subspecies of Discocactus were classified as positive photoblastic. Light is one of the most important abiotic factors that affect the control of different life phases in plants, such as germination and seedling establishment (Baskin and Baskin, 2014) . Photoblastic response and light requirements for seed germination in Cactaceae are related to different phylogenetic and biological attributes in these plants (Rojas-Aréchiga and Vázquez-Yanes, 2000; Meiado, 2012; Rojas-Aréchiga et al., 2013) . According to Meiado et al. (2016) , cacti in Brazilian ecosystems exhibit two distinct behaviors regarding the response to light during germination: seeds produced by the subfamily Cactoideae only germinate in the presence of light and are therefore positive photoblastic, whereas seeds that germinate in both the presence and absence of light are known as photoblastic neutral, as occurs with cacti in Brazil that belong to the subfamilies Opuntioideae and Pereskioideae. The three studied subspecies belong to subfamily Cactoideae and were classified as positive photoblastic. This finding agrees with data described in previous studies, in which similar behavior is described for cacti that occur in the Caatinga as well as other ecosystems (Rojas-Aréchiga and Vázquez-Yanes, 2000; Gurvich et al., 2008; Meiado, 2012; Meiado et al., 2012b; Abud et al., 2013; Rojas-Aréchiga et al., 2013) .
According to some authors, life form in cacti could be related to photoblastism (Rojas-Aréchiga et al., 1997; Flores et al., 2011) . Moreover, Rojas-Aréchiga et al. (1997) demonstrated that globose or barrel-shaped cacti, such as species of the genus Discocactus analyzed in the present study, are positive photoblastic, whereas columnar cacti may be either positive photoblastic or neutral. This is in agreement with data reported in previous studies regarding the response to light in relation to the life form of cacti (Cheib and Garcia, 2012; Gurvich et al., 2008; Meiado et al., 2010; Meiado, 2012) . Photoblastic response pattern is believed to be related to the distance between fruit production and the soil, as higher temperatures near the soil are thought to determine positive photoblastism in a given species (Rojas-Aréchiga et al., 1997) .
In temperature treatments, D. bahiensis and D. zehntneri subsp. zehntneri exhibited higher germinability when the temperature was between 25 and 35 °C, with significant differences found among all temperature treatments (D. bahiensis: H = 37.2796, df = 9, p < 0.0001; D. zehntneri subsp. zehntneri: H = 37.6352, df = 9, p < 0.0001) ( Table 1) . D. zehntneri subsp. petr-halfarii exhibited similar germination in the 25 to 40 °C temperature range, with significant differences found among the different temperature treatments (H = 34.9129, df = 9, p < 0.0001) ( Table 1 ). In addition, Table  1 also show high seed germination of D. bahiensis and D. zehntneri subsp. zehntneri at the alternating temperatures.
The optimum germination temperatures for D. bahiensis were 25, 30 and 35 °C, based on the greater germinability within a significantly shorter mean germination time (F = 35.4103, df = 7, p = < 0.0001) and with a smaller synchronization index (F = 3.3677, df = 7, p = 0.0121) at this temperature. A germinability higher than 90% within a broad range of constant temperatures (25 to 40 °C) was found for D. zehntneri subsp. petr-halfarii (Table 1) , with an optimum germination temperatures of 30 and 35 °C, as evidenced by the greater germinability, shorter mean germination time (H = 25.7277, df = 7, p = 0.006) and smaller emergence rate index (H = 20.3011, df = 7, p = 0.005). The optimum germination temperatures for D. zehntneri subsp. zehntneri were 25, 30 and 35 °C, as evidenced by the greater germinability, mean germination time (F = 5.1371, df = 7, p = 0.0014) and synchronization index (F = 14.4789, df = 7, p < 0.0001), with no significant difference between the two temperatures (Table 1) .
Among the three subspecies analyzed in the present study, germination did not occur at the lowest temperature tested (10 °C) and was reduced at temperatures of 40 and 45 °C. These findings agree with data reported for other cacti species and demonstrate that seeds from the genus Discocactus are able to germinate between 15 and 40 °C, with optimum germination occurring between 25 and 35 °C. Similar findings are reported by Gurvich et al. (2008) for endemic globose cacti in Argentina belonging to the genus Gymnocalycium Pfeiff. ex Mittler, which did not germinate at temperatures of 5 to 15 °C and obtain the best results at temperatures of 25 to 35 °C. Analyzing the effect of temperature on the germinability of seeds of the columnar cactus Cereus jamacaru DC. subsp. jamacaru, Meiado et al. (2010) reported an optimum temperature ranging from 25 to 30 °C, with faster germination at 30 °C and no germination at 10 °C. Likewise, Cheib and Garcia (2012) report a lack of germination at 10 °C and optimum germination between 20 and 30 °C for four species of the columnar genus Arthrocereus A. Berger. On the other hand, seeds of several species of Melocactus Link and Otto, a globose and subglobose genus of Cactaceae, have higher germinability and lower mean germination time in 30 °C ). An exception is Melocactus violaceus Pfeiff. subsp. violaceus from the Atlantic Forest of Brazil which has an optimum temperature between 20 and 25 °C .
Present findings reveal that globose, discoid cacti are also capable of germinating at elevated temperatures. The species distribution may help explain the high germinability of D. zehntneri subsp. petr-halfarii at higher temperatures (30 to 40 °C), as this subspecies is respectively distributed among rocky soils with no vegetal coverage and rocky outcrops, where the temperature is often high (Santos et al., 2015) . In contrast, D. bahiensis occurs in soils with vegetal coverage, which provides some degree of shade and this species consequently responds better to somewhat cooler temperature (20 to 25 °C). According to Gurvich et al. (2008) , the preference of species for specific habitats should be taken into consideration when analyzing seed germination in relation to temperature.
Although some studies have demonstrated that the requirement of alternating temperatures is common among species in arid and semiarid ecosystems (Meiado et al., 2012b) , Martins et al. (2012) found that a constant temperature was more favorable to the germination of seeds from Pilosocereus arrabidae (Lem.) Byles and Rowley. This support the present findings regarding all three subspecies of Discocactus analyzed, for which a constant temperature led to optimum germination (for more examples of studies that reported a higher seed germination of cacti species under constant temperatures see Rojas-Aréchiga et al., 1998; Ortega-Baes and Rojas-Aréchiga, 2007; Ortega-Baes et al., 2011 and Souza et al., 2016) . Seed germination occurred in the different solutions of PEG 6000 under white light ( Figure 1A) . However, significant reductions in the germinability were found with an increase in the concentration of PEG 6000. For D. bahiensis, the germinability reduced from 83.0 ± 6.8% in the control treatment to 7.0 ± 3.8% at the concentration of -0.6 MPa (H = 21.7108, df = 5, p = 0.0006). For D. zehntneri subsp.
zehntneri, the germinability reduced from 98.0 ± 4.0% in the control treatment to 4.0 ± 4.6% at the concentration of -0.6 (H = 19.7674, df = 5, p = 0.0014). For D. zehntneri subsp. petrhalfarii, the germinability reduced from 97.0 ± 3.8% in the control treatment to 3.0 ± 3.8% at the concentration of -0.6 MPa (H = 20.2778, df = 5, p = 0.0011).
Despite the reduction in the germinability with the increase in the concentration of PEG 6000, significant differences were found in the -0.2 and -0. demonstrating that the seeds germinated in a less synchronized way and within a longer time interval that could be two to three times greater (Table 2 ). In the saline stress experiments, a reduction in the germinability was found with the increase in NaCl concentration for all three subspecies (D. bahiensis: H = 21.3171, df = 5, p = 0.0007; D. zehntneri subsp. petr-halfarii: slower, less synchronized germination among the three subspecies at high concentrations of NaCl (Table 3) . The present findings demonstrate that seeds of the three subspecies analyzed are tolerant to water and saline stress, as germination occurred in solutions with potentials of -0.6 MPa. However, germinability decreased with the increase in the concentration of these solutions, which agrees with data reported for other cacti. Ramírez-Padilla and Valverde (2005) found a significant reduction in germinability of seeds from three species of the genus Neobuxbaumia Backeb. beginning at -0.4 MPa. Germination of the three subspecies analyzed at higher saline levels (-0.6 MPa) indicates that these subspecies are halotolerant and well-adapt to saline soils, which are often found in the Caatinga ecosystem (Fassbender and Bornemisza, 1987; Mascarenhas et al., 2005) . Seeds of C. jamacaru subsp. jamacaru present a high germinability under the influence of saline stress, indicating that this species, which is abundant in semiarid areas of northeastern Brazil, and can also be considered halotolerant. 
Conclusions
The present findings demonstrate that three subspecies of Discocactus, although endangered, are capable of germinating in a wide range of environmental factors and behave similarly to other species of Cactaceae that inhabit semiarid areas of Brazil. However, despite germination in a wide range of abiotic factors, the three subspecies are restricted to small populations with a small number of individuals, which contributes to their endangered status. It is clear that these subspecies have a temperature tolerance range between 25 and 35 °C. However, the temperature of the soil surface reaches much higher temperatures, even during the rainy season when the seeds germinate in the Caatinga. Thus, temperature would be one of the main filters that reduce the number, speed and synchrony of seed germination of these subspecies. Finally, the present study provides essential information for ex situ conservation programs, as seedlings could be produced in a laboratory setting or nursery, thereby contributing to the conservation of the species in the field and eliminating the threat of extinction. In addition, the results of this study also indicate the strong impact that climate change can have on the populations of these cacti in their natural environment, reducing their populations due to the progressive increase of temperature and the reduction of water availability in the soil.
